My interest in germ cells began when I first witnessed sea urchin fertilization and embryo development during a laboratory class at Hokkaido University, Sapporo, Japan, almost 60 yr ago. Weismann's concept of germ cells that I learned during my undergraduate years became the driving force of my entire research career. During the early years, my associates and I used mainly the golden hamster and the guinea pig as model animals because their spermatozoa had large acrosomes and we could readily follow changes in the acrosomes without killing or staining spermatozoa. We later used the mouse as our model organism because we wanted to produce live offspring with known genetic backgrounds. A summary of the findings we made during those years includes the following: (1) first in vitro sperm capacitation; (2) discovery of sperm hyperactivation; (3) demonstration of the importance of Ca 2þ in sperm acrosome reaction, hyperactivation, sperm-egg fusion, and egg activation; (4) development of the sperm's fusion competence during the acrosome reaction; (5) characterization of sperm-oviduct relationships before and during fertilization; (6) use of zonafree hamster eggs to examine fertilizing ability and chromosomes of human spermatozoa; (7) development and use of intracytoplasmic sperm injection; (8) use of prespermatozoal cells for the production of offspring; (9) sperm preservation by freeze-drying and freezing whole-animal bodies; and (10) mouse cloning by somatic cell nuclear transfer. My current interests and my visions for the future include the following: (1) mass production of mature eggs and spermatozoa in vitro, (2) permanent sperm preservation at ambient temperature, (3) development of safer and more efficient assisted fertilization (reproduction) technologies, (4) development of safe and efficient methods of cloning, (5) production of artificial organs such as an artificial uterus, (6) development of safe and effective male contraceptives, and (7) prevention of cancer through germ cell research.
Of the many interesting biological concepts and theories I learned during my undergraduate years at Hokkaido University, Sapporo, Japan, none struck me more than the concept of germ cells: ''The child does not inherit its characters from the parent body, but [from] the germ-cells. . .. As far as heredity is concerned, the body is merely a carrier of germ-cells.'' (Nussbaum-Weismann [cited from the introduction of E.B. Wilson's classic textbook, The Cell in Development and Heredity, 1925]) [1] (Fig. 1) . During a laboratory session in an animal embryology course at the university's marine laboratory, I witnessed the moment of sea urchin fertilization and egg activation, followed by rapid embryo development. It was then that I chose fertilization and development as the subject of my bachelor of science thesis research.
Before my investigation of mammalian fertilization in 1960, I spent several years working as a predoctoral fellow on fish (herring) fertilization and the sexual organization and life cycle of rhizocephalans (a group of parasitic barnacles found on crab and shrimp) under two successive mentors. At that time, I wanted to become an aquaculture scientist. In those days, there were no public announcements of open positions in Japanese universities. My mentor recommended that I become a biology teacher at a local high school. I should not have complained about it because this school was one of the top-ranking high schools in Sapporo County, where I was raised and educated. However, I was unable to give up my research career and resigned after 1 yr of teaching to return to the university as a research student without pay. The year before I received my doctor of science (comparable to the doctor of philosophy) degree, I wrote a letter to Dr. Min Chueh Chang (M.C.) of the Worcester Foundation for Experimental Biology, Worcester, MA, enclosing several reprints and asking him if I could perform research as a postdoctoral fellow in his laboratory on mammalian fertilization. I had an intense desire to be different from other Japanese fellows who obtained research positions. Because fertilization is a key event in the life cycle of animals, including humans, I thought the study of mammalian fertilization and development would one day be very important. At that time, very few researchers in the world were actively studying mammalian fertilization. M.C. was exceptional because he had performed extensive studies on the in vitro handling of eggs and embryos using the rabbit as an animal model. I had little expectation of receiving a positive reply because I had never worked on mammals. However, to my surprise, I received his letter of acceptance several weeks later (there was no e-mail in those days). For many years, I was puzzled by the fact that he had accepted me to work in his laboratory. Several years before he died in 1991, he and Mrs. Chang came to Hawaii. While traveling through the Hawaii Volcanoes National Park, I asked him why he accepted me as a postdoctoral fellow, despite my total lack of research experience with mammals. His reply was brief: ''Well, you did good work with fish.'' If he had not given me a chance, I would not be where I am today, and for that opportunity I will be forever thankful to him.
MY RESEARCH TRAIL
A week after I arrived at the Worcester Foundation ( Fig.  2A) , M.C. called me into his office ( Fig. 2B ) and gave me a research project that involved the study of leukocytes and sperm capacitation. He must have thought that leukocytes might have some role in sperm capacitation in vivo. He said to me: ''This project is your bread and butter. There are five workdays a week. Use three days for this project. You may use the two remaining days for the research you want to do.'' In other words, he gave me some freedom. I admit that I was not very productive during the 4 yr in M.C.'s laboratory, but it became the launching pad of my research career. I returned to Japan (1964) (1965) (1966) ) before moving to the University of Hawaii, Manoa (1966) as assistant professor in response to an invitation by Dr. Robert W. Noyes, who came from Vanderbilt University, Nashville, TN, to Hawaii to start a new medical school as associate dean. He was a pioneer in the field of mammalian fertilization. I was then 38 yr old and stood on my own feet for the first time. Some of the work I did at the Worcester Foundation (1960) (1961) (1962) (1963) (1964) and at the University of Hawaii (since 1966) can be summarized as follows.
(1) In Vitro Sperm Capacitation
Before I arrived at M.C.'s laboratory in 1960, M.C. [2] and Austin [3] (Fig. 2C ) had already discovered that mammalian (rabbit and rat) spermatozoa required ''capacitation'' in the female genital tract before they became fertilization competent. It was Noyes et al. [4] (Fig. 2D ) who found that sperm capacitation could occur in the genital tract of a castrated female and even in organs quite unrelated to the genital system such as the anterior chamber of the eye. I thought that in vitro handling of male and female gametes would be essential to analyze the processes and mechanisms of not only sperm capacitation but also fertilization in mammals.
FIG. 1. A) August Weismann (1834-1914). B)
The germ cell theory of heredity [1] .
FIG. 2. Pioneers of mammalian fertilization study. A)
Part of the Worcester Foundation for Experimental Biology, where Min C. Chang did most of his work. B) Chang in his office in 1961; his office was at the end of the front building shown in A. C) M.C. Chang (1908 Chang ( -1991 and Colin R. Austin (1914 Austin ( -2004 ; this photograph was taken during the 5th International Congress of Animal Reproduction and Artificial Insemination in Trento, Italy, September 1964; they found that mammalian spermatozoa became fertilization competent after the sojourn in the female genital tract [2, 3] . Chang first called it ''maturation.'' To avoid confusion with the already known sperm maturation in the epididymis, Austin called it ''capacitation'' [5] . D) Robert W. Noyes (1919 Noyes ( -2008 . He discovered sperm capacitation independent of Chang and Austin as early as 1949 but did not publish a full article [6] , perhaps because of his busy clinical duties. He did pioneering investigations of human eggs [7] . His work on human endometrium was classic [8] .
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While I was working on the relationship between capacitation and leukocytes in vivo (my bread and butter), I often had spare eggs and spermatozoa from the golden hamster. One day, I collected recently ovulated eggs from oviducts and spermatozoa from the cauda epididymis and incubated them with a small amount of tissue culture medium under paraffin oil in a watch glass. Because I did not have an incubator in my laboratory, I put the watch glass in a small laboratory oven, adjusting its temperature to 378C. I did not expect much, but several hours later I was surprised to find that some of the eggs had been penetrated by spermatozoa. If the oven did not maintain the correct temperature and went over 408C, I would obtain boiled eggs rather than in vitro fertilized eggs. After showing these to M.C., I received a real incubator to do more work. This finding meant that spermatozoa could be capacitated in vitro [9] and was very encouraging to researchers who were struggling with unsuccessful attempts to fertilize human eggs in vitro [10] . As mentioned earlier, I considered in vitro fertilization (IVF) to be essential in analyzing the process and mechanism of mammalian fertilization. Some others (e.g., R.G. Edwards of England and A. Lopata of Australia) saw IVF as a powerful means of overcoming human infertility. Their groups were the only ones in the world who were working hard on human IVF before 1978. I worked with Dr. Lopata and his associates of Monash University for a few months in Melbourne, Australia, in 1975. In his small, narrow laboratory that looked like a renovated supply storage room, we could fertilize eggs in vitro and culture them to the cleavage stage, but none of these embryos successfully implanted into patients. Discouraged by this and all previous failures, Dr. Carl Wood, the chairman of the department of obstetrics and gynecology, called me into his office and asked if they should continue their IVF program. I, of course, encouraged him to continue it. When Louise Brown was born [11] , I knew immediately who would be the second to have an IVF child.
In the1980s, almost 80% of human IVF and other forms of assisted fertilization were performed at university hospitals. Today, more than 80% of assisted fertilization procedures are performed in private clinics throughout the world. This is one of very few examples of basic studies that developed into an ''industry,'' something I did not foresee 40 yr ago! I had opportunities to pursue clinical studies but always decided to stay in basic studies and to contribute to clinical advances in that way.
(2) Studies of Sperm Capacitation, the Acrosome Reaction, and Hyperactivation While studying sperm capacitation and the acrosome reaction in the golden (Syrian) hamster, I noticed that the spermatozoa in capacitation media became extremely vigorous before undergoing the acrosome reaction [12] . This movement was distinct from the burst of motility when motionless epididymal (or vas deferens) spermatozoa began to move upon their contact with seminal plasma or physiological salt solutions. I called this peculiar sperm movement ''hyperactivation'' [13] . It occurs in various other species as well, including humans. This movement is believed to be important for sperm penetration through egg vestments, in particular the zona pellucida [14, 15] . It could be analogous to chemotactic movement of sea urchin spermatozoa toward eggs. The main reason why we used the golden hamster and the guinea pig for our earlier studies of fertilization was that acrosomes of their spermatozoa were so large that we could readily examine changes in them without killing and staining the spermatozoa.
(3) Examination of the Fertilization Processes by Electron Microscopy
Along with Piko and Tyler [16, 17] and Bedford [18] , we were the first to examine the process of sperm penetration through the zona pellucida and sperm fusion with the egg by transmission electron microscopy [19, 20] . While Piko and Tyler and Bedford used exclusively in vivo fertilized eggs, we used both in vivo and in vitro fertilized eggs, even zona pellucida-free eggs. Later, we examined sperm penetration into the zona pellucida using scanning electron microscopy [21, 22] . These morphological studies provided a foundation for later studies of sperm-zona and sperm-egg interactions. The sperm acrosome reaction is essential not only for sperm passage through the zona pellucida but also for membrane fusion between the sperm and egg [23] . We originally thought that the plasma membrane in the postacrosomal region (previously called the postnuclear cap region) became fusion competent upon undergoing the acrosome reaction [23] (Fig.  3 ), but we were wrong. It was the plasma membrane over the equatorial segment of the acrosome that became fusiogenic [24, 25] . However, the plasma membrane in the anterior region of the postacrosomal region may also become fusiogenic following the acrosome reaction [26, 27] . We later proposed that proteases released from the acrosome during the acrosome reaction are involved in development of the sperm's ability to fuse with the egg plasma membrane [28] .
(5) Demonstration That Ca 2þ Ions Are Essential for the Sperm Acrosome Reaction, Sperm-Egg Fusion, and Egg Activation I became aware of the importance of Ca 2þ in fertilization when I was an undergraduate student and read an article describing that sea urchin fertilization failed to occur in seawater lacking Ca 2þ [29] . We should remember that the Ca 2þ theory of cell excitation by Heilbrunn [30] was largely ignored by other physiologists for many years. It was Dan [31] , one of Heilbrunn's graduate students, who found that Ca 2þ was needed for the sperm acrosome reaction, a prerequisite to 206 YANAGIMACHI normal fertilization. During my bachelor of science thesis study, I found that Ca 2þ was essential for herring fertilization. Unlike spermatozoa of other fish, herring spermatozoa were virtually immotile in seawater, but they began vigorous movement upon contact with the egg envelope near the micropyle through which spermatozoa entered the eggs. In Ca 2þ -free water, herring spermatozoa remained motionless even around the micropyle, and they were unable to enter the micropyle. Upon addition of Ca 2þ , spermatozoa became activated and entered the micropyle, and fertilization occurred very quickly [32] . Therefore, it was natural for me to pay attention to the role of Ca 2þ in mammalian fertilization. We published articles on the importance of extracellular Ca 2þ in the acrosome reaction [33] and in sperm-egg fusion [34] . We also presented evidence that liberation of intracellular Ca 2þ within the egg cytoplasm triggers egg activation [35] .
(6) Use of Zona Pellucida-Free Hamster Eggs for the Prediction of Human Sperm Fertility and Examination of Sperm Chromosomes I was interested in the species specificity of sperm-egg fusion. After finding that acrosome-reacted guinea pig spermatozoa were able to fuse with zona-free hamster eggs, I inseminated the same eggs with thoroughly washed human spermatozoa and incubated them in a medium that was known to support human sperm capacitation. When examined several hours later, some eggs contained swollen sperm heads and associated tails. Although I was convinced that human spermatozoa underwent the acrosome reaction and fused with hamster eggs, I wondered if I should or should not publish the results. Encouraged by the late Dr. Vincent J. DeFeo, former chairman of the department of anatomy and reproductive biology at the University of Hawaii, we published an article proposing that zona-free hamster eggs could be used as substitutes for human eggs to assess the fertilizing capacity of human spermatozoa [36] . Later, we used the same method to examine human sperm chromosomes [37] . This karyological technique was greatly improved by Kamiguchi and Mikamo [38] . Although fluorescence in situ hybridization (FISH) is a faster and easier alternative to detect aneuploidy in human spermatozoa [39] , the hamster method was the only way to directly examine individual sperm chromosomes until we later developed another method (i.e., microsurgical sperm injection into eggs [e.g., mouse eggs]) [40, 41] .
(7) Studies of Polyspermy Block in Mammals
Alteration of the zona pellucida by cortical granule material during fertilization had been suggested by Austin [42] , but we were the first to prove this experimentally [43] . We presented evidence that the sperm plasma membrane, integrated into the egg's plasma membrane during sperm-egg fusion, contributes to the block to polyspermy in the zygote's plasma membrane [44] .
(8) Studies of Spermatozoa in Vivo
When I began to work on mammalian fertilization, no one was certain about the speed of sperm ascent in the female genital tract after mating. We reported that hamster spermatozoa reached the upper regions of the oviduct (site of fertilization) much faster when animals were mated after ovulation than when they were mated before ovulation, noting a temporal storage of spermatozoa in the lower oviduct segment before fertilization, which was shorter after ovulation than before ovulation [45] . We later found that incapacitated (hamster) spermatozoa remained attached to the epithelium of the lower oviduct segment until they were capacitated [46] . Ovarian hormone-dependent adovarian movement of the oviduct, which begins about the time of ovulation, directs capacitated spermatozoa to the ampullary region of the oviduct, where fertilization takes place [47] . My grant proposal based on these findings was rated very low and rejected, with a comment from a referee that ''we cannot learn much from in vivo studies.'' I regret I was not intelligent enough to refute this comment. Today, it is known that proper molecular interactions between the sperm surface and the female genital tract are essential for normal sperm ascent and, consequently, for normal fertilization [48, 49] . I admire people who continued the work along this line, in particular Dr. Ronald Hunter, who has been a constant advocate of the oviduct's important role in normal fertilization [50] [51] [52] .
(9) Review of Mammalian Fertilization I have previously reviewed normal fertilization in mammals, mostly from the point of view of sperm. The reviews [13, 14, 25, 53, 54] start from sperm maturation in the epididymis and end with syngamy, the union of sperm and egg pronuclei.
(10) Intracytoplasmic Sperm Injection
My interest in microsurgical operations with germ cells began when I was a student reading a textbook citing several investigations by Chambers [55] , who was a pioneer in microsurgery of various cells, in an attempt to understand the biophysical characteristics of cellular components of invertebrate germ cells and embryos. The idea of injecting spermatozoa into eggs was not new. At the beginning of the last century, Kite injected 2-3 or .20 starfish spermatozoa into an egg of the same species, but nothing happened. Citing this unpublished work, Lillie [56] inferred that normal sperm penetration was necessary for fertilization and embryo development. Hiramoto [57] injected several sea urchin spermatozoa into sea urchin eggs, but there was no sign of egg activation. When sperm-injected eggs were inseminated from outside, however, all were activated and underwent polyspermy cleavages. Hiramoto concluded that injected spermatozoa were able to participate in mitotic processes only when the egg cytoplasm was first activated by the fertilizing spermatozoon. We began our microsurgical sperm injection in the hamster with simple curiosity, asking if nuclei of spermatozoa from the testis and epididymis are equally capable of developing into pronuclei within the eggs. Until we began to write our article, we were unaware of the work by Brun [58] , who obtained four adult frogs after injection of spermatozoa into 562 eggs. We used the golden hamster, whose eggs well tolerated microsurgical operations, as an animal model. We found that nuclei of epididymal and testicular spermatozoa were equally able to develop into normal-looking pronuclei. Even nuclei of freeze-dried human spermatozoa developed into pronuclei [59, 60] . This sperm injection study eventually led to development of intracytoplasmic sperm injection (ICSI) in farm animals [61, 62] and in humans [63] . Much later, I was told by one of my old physician friends that he thought we were stupid because spermatozoa were able to enter eggs by themselves.
Unlike hamster eggs, mouse eggs were vulnerable to microsurgery. Whenever I had a new research associate, I asked him or her to do mouse ICSI. Three associates had no luck. All or almost all eggs died sooner or later after sperm GERM CELL RESEARCH: A PERSONAL PERSPECTIVE 207 injection using ordinary injection pipettes. Y. Kimura saw a piezoelectric pipette actuator sitting on a shelf of one of our laboratories. This was a gift from Prime Tech Ltd. of Japan brought by Dr. S. Oshio, who visited us in 1992. The company developed this instrument for pig transgenesis. The company was (and still is) part of Prima-Ham Company. We had heard that this instrument did not work well. Despite this, Kimura tried it and had instant success. We did not understand how this actuator worked except that the piezo actuator converts electrical energy to mechanical energy and oscillates the tip of the injection pipette at a very high speed [64] . A blunt-ended micropipette can drill a ''hole'' in the zona pellucida without deforming it. It can separate the mouse sperm head from its tail. It can puncture the egg plasma membrane without destroying the egg. It can also be used for the transfer of embryonic stem cells into a host blastocyst. Although we originally recommended that studies with eggs be performed below room temperature (e.g., 178C-188C) [65] , these manipulations can be performed at ordinary room temperature as well. Occasionally, I hear complaints about the piezo actuator not working well or being difficult to use. A loose connection of the pipette holder to the micromanipulator could be the cause of this problem. Reading the step-by-step instructions provided by the manufacturer or by any of several investigators who use piezo actuators routinely for ICSI or cloning is recommended [66] [67] [68] . We used mouse ICSI for the analysis of the sperm-borne egg-activating factor [69] to accomplish transgenesis [70, 71] and for the production of offspring from genetically infertile males [72] , among others [73] . We also used ICSI for examination of chromosomes of human spermatozoa [40] and of somatic cells such as cerebral neurons [74] and bird erythrocytes [75] that never undergo cell divisions under ordinary conditions.
(11) Use of Prespermatozoal Cells for the Production of Offspring
Because female germ cells become fertilization competent even in the middle of meiosis (metaphase II), I wondered whether the nuclei of male germ cells might also be ready for fertilization and embryo development upon the completion of meiosis. After finding that the nuclei of hamster spermatids injected into mature eggs were able to develop into pronuclei, we produced live mouse offspring by electrofusing round spermatids with eggs [76] or by microsurgically injecting spermatid nuclei [77] . We did not find any behavioral abnormalities in the offspring even after repeated reproduction by round spermatid injections for five generations [78] . This indicates that, at least in the mouse, the nuclei of round spermatids are competent to participate in embryo development. Later, we obtained normal offspring using the nuclei of the secondary and primary spermatocytes [79, 80] , along with Ogura et al. [81] .
(12) Unorthodox Sperm Preservation
In 1952, I read a newspaper article that was accompanied by a picture of a lotus flower that bloomed from a seed found in an archaeological excavation. The seed was estimated to be at least 2000 yr old. The image of this lotus flower remained in the back of my mind as I began the study of spermatozoa (Greek sperma, seed). I quickly learned that the nuclei of mammalian spermatozoa were not as ''wet'' as were the nuclei of ordinary somatic cells. Then in 1976, we reported that the nuclei of freeze-dried human spermatozoa were able to develop into normal-looking pronuclei after injection into hamster eggs [59] . Later, we showed that freeze-dried mouse spermatozoa were able to produce normal offspring after injection into mouse eggs [82] . Perhaps the simplest and most economical way to keep (mouse) spermatozoa fertile for a reasonably long period is to maintain isolated testes or the whole body of a male at À208C. Although the spermatozoa retrieved from thawed testes (or whole bodies) after 15 yr of storage looked extensively damaged, they were able to produce apparently normal offspring by ICSI [83] . Frost-free freezers are not recommended for use in these types of studies because the temperature inside the freezing compartment rises and falls during the automatic defrosting procedure. Freeze-dried spermatozoa can be kept indefinitely at À808C or below [84] .
(13) Cloning by Somatic Nuclear Transfer
We were second in producing live cloned animals (mice), following Dolly the sheep. Unlike Dolly, we obtained many cloned animals (mice), even obtaining a clone of a clone of a clone [85] . The manuscript we wrote describing this study went back and forth between Nature's editorial office and us for 8 mo. We had to convince one of the referees that the animals we produced were not parthenogenetic. In 1997, when Dolly was announced, Science published an article listing several institutes in the world that were likely to produce the second cloned animal. We were not on the list because we had never published any work related to cloning. However, we had all the equipment necessary to perform cloning studies (i.e., the micromanipulation apparatus for ICSI). Almost every day, we were collecting mouse eggs, each surrounded by several thousands of cumulus cells. These are somatic cells, which provide nutrients to growing eggs. We routinely discarded these cells. When we cloned mice using cumulus cells (and other somatic cells), most of the cloned embryos died during development. Those that survived to birth usually had physical or health-related problems, perhaps due to abnormal gene expression in the cells [86, 87] . These errors are likely epigenetic because the offspring produced by natural mating of cloned parents were all free from similar problems [88] . To our surprise, DNA methylation errors in cloned offspring detected soon after birth disappeared with advanced age in the offspring [89] .
RESEARCH LEFT INCOMPLETE
Research never ends. The more we study, the more we find problems to be solved. Some fertilization-related problems I left unsolved include the following.
(1) Sperm Capacitation and the Acrosome Reaction Barros et al. [90] collected guinea pig spermatozoa from the cauda epididymis and suspended them in albumin-free Brinster medium ovum culture (BMOC) medium. When mounted and compressed between a slide and a coverslip, they underwent the acrosome reaction within a few minutes. Acrosome-reacted spermatozoa were able to fuse with zona-free hamster eggs. I confirmed this using Biggers, Whitten, and Whittingham medium, which was similar in its components to BMOC medium. The spermatozoa compressed between a slide and a coverslip quickly underwent the acrosome reaction and became hyperactivated. Spermatozoa also acrosome reacted and hyperactivated within 5-10 min after treatment with a 0.003% solution of hyamine, a neutral detergent. Acrosome-reacted spermatozoa were able to penetrate into zona-intact guinea pig eggs [91] . It seems that under normal conditions something prevents guinea pig spermatozoa from undergoing the acrosome reaction and 208 hyperactivation. It is possible that the spermatozoa themselves are capable of undergoing the acrosome reaction and hyperactivation once they leave the male's body. Is the guinea pig an exception? According to Visconti et al. [92] , who worked on mouse spermatozoa, capacitation is associated with timedependent tyrosine phosphorylation of sperm proteins. Is this the case for all mammalian species? Is it possible that the degree of protein phosphorylation in mature spermatozoa differs in different species? The definition of a solid theory is one that explains every case, including ''exceptions.''
(2) Sperm Penetration Through Egg Vestments
It is our current consensus that the fertilizing spermatozoon undergoes its acrosome reaction on the zona pellucida before entering it. This is not the case in the shrew Suncus murinus [93] . Suncus spermatozoa have huge acrosomes. The egg is surrounded by a compact cumulus oophorus that is widely separated from the zona pellucida. The spermatozoa that passed through the cumulus oophorus and were free in the perizonal space were all acrosome reacted. Obviously, Suncus spermatozoa undergo the acrosome reaction within the cumulus. It is acrosome-reacted spermatozoa that make contact with and penetrate the zona pellucida. In the guinea pig, both acrosomeintact and acrosome-reacted spermatozoa are able to bind to the zona pellucida [94] , but it is only acrosome-reacted spermatozoa that firmly bind to and penetrate into the zonae [95, 96] . It is intriguing that rabbit spermatozoa collected from the perivitelline space of fertilized eggs are able to fertilize other zona pellucida-intact eggs [97, 98] . Those spermatozoa are most certainly acrosome reacted and are able to rebind to and pass through the zona to effect fertilization. Although this has not been confirmed in other species, we found that guinea pig spermatozoa remain capable of penetrating the zona pellucida of cumulus-free eggs for many hours after they undergo the acrosome reaction [99] . Are the rabbit and guinea pig just exceptions? Researchers tend to ignore exceptions, but exceptions may be telling us the heart of the story.
Certainly, the cumulus oophorus is not essential for the sperm acrosome reaction and fertilization, but it aids these processes [25] . For the sake of argument, I present the following working hypothesis of sperm penetration through the cumulus oophorus and zona pellucida. Capacitated spermatozoa enter and pass through the cumulus using plasma membrane-bound hyaluronidase. Spermatozoa may or may not undergo the acrosome reaction within the cumulus. Binding between the sperm head plasma membrane and the zona triggers the acrosome reaction. Distortion of the plasma membrane due to oscillatory movement of the zona-bound sperm head may facilitate the acrosome reaction. Acrosomal enzymes (acrosin, hyaluronidase, and others) released from the acrosome depolymerize the cumulus matrix around the sperm head and facilitate sperm tail movement before and during the passage of the sperm head through the zona pellucida. Acrosomal enzymes also alter the plasma membrane over the equatorial segment to make it competent to fuse with the egg plasma membrane. The inner acrosomal membrane (IAM), exposed after the acrosome reaction, is now in direct contact with the zona pellucida. The IAM binds to the zona strongly, but not too strongly, or the fertilizing spermatozoon will be stuck to the zona and unable to enter it. The IAM may carry some forms of lysine or ''lubricants,'' but the mechanical force delivered to the sharply pointed sperm head by the hyperactive movement of the tail may cut open the zona mechanically. A glass pipette that moves forward a very short distance at very high speed (such as occurs with the piezoelectric actuator) produces a cylindrical hole in the zona, the contour of which looks similar to that of the ''penetration channel'' left in the zona after penetration of the fertilizing spermatozoon (Fig. 4) . The fact that spermatozoa are able to pass through the zona without the acrosome reaction under certain circumstances [100] also favors the mechanical theory of zona penetration by spermatozoa [101] . Meanwhile, the idea that proteasomes bound to the IAM of the spermatozoon degrade ubiquitinated zona pellucida certainly deserves serious consideration [102] . GERM CELL RESEARCH: A PERSONAL PERSPECTIVE 209 not fuse with eggs irrespective of the presence or absence of an intact acrosome. Spermatozoa must be alive and acrosome reacted. To fuse with zona-free eggs, spermatozoa did not need to move vigorously to fuse with the egg plasma membrane. Even barely moving spermatozoa were able to fuse with the egg as long as they were acrosome reacted [103, 104] . How does the acrosome reaction make spermatozoa fusion competent? Something must happen to the sperm plasma membrane over the equatorial segment of the acrosome during the acrosome reaction. Membrane fusion-triggering materials could be activated or migrate into the plasma membrane of the equatorial region upon the acrosome reaction. Why is extracellular Ca 2þ needed for sperm-egg fusion? Why is the species specificity of sperm-egg fusion less than that of spermzona interaction? Why is the hamster egg plasma membrane able to fuse with spermatozoa of a wide variety of species?
(4) Decondensation of the Sperm Nucleus Within the Egg Cytoplasm
Under normal conditions, the sperm nucleus that entered the cytoplasm of a mature unfertilized egg (metaphase II) begins to decondense. When injected into the cytoplasm of either fertilized eggs at the pronuclear stage or immature eggs at the germinal vesicle stage, sperm nucleus failed to decondense [105] , suggesting that one or more factors that induce sperm nucleus decondensation appear and disappear (or become active and inactive) in the egg cytoplasm during progression of the cell cycle. We found that sperm nuclei decondense when injected into the germinal vesicle, the pronucleus, or the nucleus of a two-cell embryo [106] (Fig. 5) , suggesting that sperm nucleus-decondensing factors (SNDFs) go back and forth between the nucleus and cytoplasm during the cell cycle. The nature of the SNDFs is yet to be determined [107] .
(5) Sperm-Oviduct Relationship
We can produce normal offspring by circumventing the oviduct using assisted fertilization technologies such as IVF and ICSI. This does not mean that the oviduct is unimportant. It is like saying ''the stomach is unimportant because we can live without it.'' The gastrointestinal system is under the controls of the central and peripheral nervous system and the endocrine system (Fig. 6A) . The contents of the stomach and intestine (food, water, etc.) stimulate secretion of gastrointestinal hormones (e.g., gastrin, ghrelin, and enterocrinin), which in turn promote or inhibit the movement of gastrointestinal contents. Both the gastrointestinal system and the female genital tract are tubular organs. However, the female tract, unlike the gastrointestinal system, has the following two different functions: (1) transport of spermatozoa before fertilization and (2) transport of eggs, zygotes, and embryos after fertilization. In other words, the female tract must undergo two different functions before and after fertilization. It is conceivable that the oviduct ''recognizes'' the presence or absence of spermatozoa, eggs, zygotes, and preimplantation [109] [110] [111] . In rodents (e.g., the hamster), numerous spermatozoa bind to the epithelium of the uterotubal junction shortly after mating. There may be some sensory cells that receive ''messages'' from attached spermatozoa. There is a group of distinct cells (Fig. 6C) at the bottom of crypts in the oviductal isthmus where spermatozoa are temporarily stored before fertilization (Fig. 6B) . These cells could be analogous to the intestinal endocrine cells that receive ''signals'' from the contents in the intestine and secrete hormones that control the movement and secretory activities of the oviduct. These and similar cells in this and other regions of the oviduct may control the transport and physiology of spermatozoa before fertilization. They may also control the transport and development of fertilized eggs and embryos.
(6) Prediction of Sperm Fertility
The fertilizing ability of spermatozoa and the fertility of spermatozoa are not synonymous. The former refers to the ability of spermatozoa to fertilize eggs, while the latter refers to the sperm's ability to produce viable offspring. Obviously, the latter is a far more important function of spermatozoa than the former. Because the ultimate goal of infertility treatment is to bring children to infertile couples, fertilization alone is meaningless for these couples. Certainly, there are some correlations between sperm characteristics and the sperm's ability to fertilize [112] [113] [114] , but it is most unlikely that a single sperm parameter or even a combination of several different parameters can accurately predict the sperm's ultimate fertility or infertility. Although we may be able to predict a sperm's fertilizing capacity fairly accurately, the prediction of a sperm's fertility would be much more difficult because thousands of male and female factors are intricately involved in development of embryos following fertilization.
Normal reproduction is the result of a collaboration between a female and a male. Chart 1 lists male and female factors involved in normal fertilization and early development. Maternal factors that support preimplantation and postimplantation development of embryos are not considered in this chart. Obviously, fertilization by ICSI requires far fewer male and female factors for successful fertilization than in vivo fertilization or even IVF. We are inclined to believe that structurally aberrant spermatozoa are genetically abnormal. However, this is not necessarily the case [40, 115, 116] . The most important component of the spermatozoon is the nucleus. It is the genomic element in the sperm nucleus, not the gross morphology of sperm nucleus (head), that is of critical importance. Can we preselect genomically normal spermatozoa from abnormal ones? Sperm (head) morphology is not a very reliable indicator of normality or abnormality of the sperm genome. If genetic screenings of infertile couples indicate that 100% of their eggs and spermatozoa are expected to have genomic aberrations, they should be informed accordingly. Most infertility alleles are likely to be recessive; therefore, unless both the husband and the wife carry the same recessive allele, the couple's desire to have their own child should not be denied. If FISH of the spermatozoa of an infertile man shows a very high incidence of chromosome aberration, what should be done? Should we discourage the couple from having their own child? Infertile couples who desperately wish to have their own child (or children), may want to take a risk even if only 5%-10% of the husband's spermatozoa are estimated to be genomically normal. We must realize that it is individual spermatozoa, not the proportions of normal and abnormal spermatozoa in sperm samples, that fertilize eggs. At present, we are unable to discriminate genomically abnormal spermatozoa from normal ones using noninvasive techniques. Even if we could, we cannot be certain that the partner's eggs will all be genetically normal. Therefore, preimplantation genetic diagnosis (PGD) of developing embryos would be the only reliable method to avoid the birth of offspring with genomic problems. In the future, one or two blastomeres could be extracted from each developing embryo, all or key genes could be analyzed at the country's central facility, and the information could be given to the clinic within 1 h of blastomere extraction. There has been recent turmoil surrounding a claim that preimplantation genetic screening did not increase but instead significantly reduced the rates of live birth after IVF in women of advanced maternal age [116, 117] . This will settle in time. I do not see any reason for PGD being detrimental to pregnancy if it is carefully and properly performed.
(7) Assisted Fertilization Using Prespermatozoal Cells
Although we could produce mouse offspring by injection of nuclei of round spermatids and spermatocytes into mature mouse eggs [77, 78, 80, 81] , the efficiency of the production of CHART 1. Male and female factors necessary for successful fertilization after natural and assisted insemination. In the mouse and perhaps other common laboratory rodents, the sperm centriole degenerates after entering the oocyte's cytoplasm; therefore, it is not essential for fertilization. Perinuclear material that contains egg-activating factors can be replaced by artificial reagents such as Ca 2þ ionophore, SrCl 2 , and ethanol. IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection.
GERM CELL RESEARCH: A PERSONAL PERSPECTIVE offspring after injection of prespermatozoal cells was significantly lower than that following injection of mature spermatozoa. The reason for this is not clear but may be partly due to incomplete genomic imprinting in many prespermatozoal cells [118] . If this is the case, why were some able to produce normal offspring, while others were not? Many healthy offspring have been born after injection of round spermatid nuclei in the mouse, but the success rate has been much lower in humans. The Practice Committee of the American Society for Reproductive Medicine [119] considers that the injection of human round spermatids into oocytes is still experimental, with health consequences that are uncertain. Identification or selection of developmentally competent round spermatids without invasive methods has not been developed.
MY VISION FOR THE FUTURE
The most exciting discoveries or concepts are almost always unpredictable. This has been and will be true of reproductive biology and germ cell research. The following are some of my dreams related directly or indirectly to germ cell research that may be realized in the next 20 yr or sooner.
(1) Mass Production of Functional Eggs and Spermatozoa in Vitro
Almost 20 yr ago, I desired that researchers would be able to culture follicle-enclosed small oocytes to fully mature oocytes in vitro or to culture spermatogonia to mature fertile spermatozoa in vitro [120] . We are now able to culture small antral follicular oocytes to mature eggs in the mouse [121] . Functional eel spermatozoa can be obtained by culturing spermatogonia in vitro [122] . The report that mouse embryonic stem cells could differentiate into functional spermatozoa [123] requires confirmation. Sooner or later, we should be able to multiply primordial germ cells (PGCs), spermatogonia, and oogonia indefinitely and to allow them to develop into fully mature eggs and spermatozoa in a ''factory'' rather than in a small dish or ''test tube.'' This will revolutionize gamete research, as well as the breeding of farm animals, fish, and other species.
(2) New Methods of Gamete Preservation
Today, we are able to keep mammalian spermatozoa, eggs, and preimplantation embryos frozen almost indefinitely in liquid nitrogen (À1968C). This is true for fish and bird spermatozoa but not for their eggs with a large quantity of yolk and lipids. There must be some way to keep them frozen in a revivable state for many years.
Freeze-dried mouse spermatozoa can be kept almost indefinitely in liquid nitrogen [84] but not at 48C [124] . The complete removal of any traces of water in freeze-dried spermatozoa may make their storage at ambient temperature possible. The long-term chemical preservation of sperm nuclei has not been successful to date [125] , but these efforts should not be abandoned.
(3) Development of Efficient and Safe Contraceptives
Wars, poverty, crimes, food shortage, and global warming are all related to or stem from the rapidly growing human population. Increases in food production and control of the human population through education are of fundamental importance to sustain a stable world economy and to improve the quality of human lives. Better understanding of the processes and mechanisms of normal reproduction will lead to development of safer and more efficient contraceptive measures. Every step in the course of normal reproduction can be the target of contraception. New developments in functional genomics and proteomics are rapidly identifying new targets of contraceptive agents.
The synthetic progesterone-based oral contraceptive pill developed more than 40 yr ago is still one of the most effective, safest female contraceptives because it mimics the action of natural progesterone, which prevents ovulation during normal pregnancy. Development of effective male contraceptives has been slow, perhaps because of the blood-testis barrier that makes targeting the testis difficult. Attacking posttesticular (e.g., epididymal) changes could be easier. More studies of animals with seasonal breeding and of men who are perfectly healthy yet infertile may give us clues toward new male contraceptive measures. Men with no libido, despite active spermatogenesis and active daily life, could be another model for development of entirely new male contraceptives.
When I visit Japan, I witness serious problems in urban areas due to the overpopulation of wild birds (e.g., crows and pigeons). In some mountain areas, there are problems of overpopulation of deer and monkeys. I am somewhat surprised to find that the control of wild animal populations by contraception is not on people's minds. Reproductive biologists should develop safe and efficient contraceptive measures to control the numbers of abandoned pet or wild animals.
(4) Further Development of Assisted Reproduction Technologies
Although assisted reproduction technologies (ARTs) have improved greatly during the past 30 yr, more than half of the infertile couples attending infertility clinics return home without a child even after repeated treatments. Female patients' age is a major factor. Take-home child rates drop dramatically when the mother is .40 yr of age. Will it be possible to reverse age-dependent female infertility? It may be possible to convert somatic cells to youthful eggs (see Reproductive Cloning).
The theoretical concerns for ARTs stem from use of eggs and spermatozoa that are unable to participate in natural fertilization. Will ARTs transmit infertility to future generations? Probably not, except for the cases when the infertility is clearly genetic such as microdeletion in the Y chromosome. Infertility in many couples could be the result of somatic aging, diseases, accidents, food poisoning, or environmental effects. Although the causes of infertility in some couples are certainly genetic (e.g., Y-linked microdeletions), most infertility genes are assumed to be recessive. In view of the widespread propagation of spontaneous genetic mutations in the general population, ARTS should not increase overall genetic mutations [126, 127] . Whenever new ARTs are developed, we must expect criticism and resistance from laypersons and from some scientists. When animal gonadotropin was first used to induce human ovulation, many people opposed it, saying ''we should not treat women like cattle.'' When artificial insemination was first performed, many people condemned it as ''conception without love.'' When the first IVF child was born, many people were afraid of the consequences of IVF because it bypasses ''natural'' selection of spermatozoa by the female tract. The fear of the unknown is very natural to human beings.
(5) Unisexual Reproduction
Parthenogenesis occurs in some fish (e.g., some sharks) and reptiles (e.g., some lizards) as a natural process. Spermdependent parthenogenesis, called gynogenesis, is intriguing. Adult individuals of the silver crucian carp, Carassius auratus 212 langsdorfii, are all females. Their eggs are usually activated by spermatozoa of other fish, which do not make any genetic contribution to the offspring [128] . Most female loaches, Misgurnus anguillicaudatus, produce normal haploid eggs, which are fertilized by haploid spermatozoa. Some females, however, produce diploid eggs. A haploid spermatozoon that entered such an egg fails to participate in syngamy, and all the eggs thus fertilized develop into diploid females without any genetic contribution from spermatozoa [129] . If the mechanism of gynogenesis is elucidated, artificial induction of parthenogenesis may become possible in many fish and other animals. Mass production of commercially valuable fish by artificial parthenogenesis may be beneficial for stockbreeding on a temporal basis. In mammals, reproduction without males is possible through the somatic nuclear transfer technique [130] [131] [132] or through manipulation of sex-specific imprinted genes [133] . Evolutionarily, all animals must have started as haploid creatures; therefore, we should be able to produce haploid females from mature eggs without genomic imprinting. However, the usefulness of such animals is uncertain. I have received several telephone calls from homosexual couples asking me if it would be possible to have their own children without genetic contribution from the opposite sex. My answer was ''not likely in the immediate future.'' Should we start on this project to accommodate them?
The bisexual mode of reproduction emerged during evolution and has been maintained in most plants and animals, including humans. With genetic recombination provided by sexual reproduction, new mutant alleles are shuffled into different combinations with all the other alleles available to the genome of that species. A beneficial mutation that first appears alongside harmful alleles can, with recombination, soon find itself in more fit genomes that will enable it to spread through a sexually reproducing population. An asexual population tends to be genetically static, and even a beneficial mutation is doomed to extinction if trapped with genes that reduce the fitness of that population [134, 135] . On several occasions, I talked to nonscientists about animal cloning, saying that it would be possible to create a world without males. When I asked the female audience if they wish to live in a world without men, their answers were unanimous: ''No. We don't want to live in such a world. Life without men would be very boring. We need men to let them work for us!'' Therefore, men are needed by women, at least for the time being.
(6) Reproductive Cloning
When Dolly the sheep was first announced, an immediate media reaction was that this would lead to human cloning. Most people's interests and concerns are with humans, not animals. At present, human cloning is too risky and medically unsafe in view of epigenetic problems inherent to current technologies. Ten years ago, most people opposed human cloning. It is not the same today. About 34% of people approve of human cloning conditionally and 18% unconditionally if cloning becomes as efficient and as safe as natural reproduction. These figures may vary according to the way polls are taken, but they will certainly change with time.
An important fact revealed by cloning is that all somatic cells have the potential to redifferentiate to any other type of cells, tissues, and organs and even to develop into a whole organism. This may not be surprising because all cells of the body, except for mature germ cells, have the same genomic constitution. In plants and lower forms of animals, conversion of somatic cells to germ cells occurs routinely. This should be possible in mammals, too, using yet-to-be developed techniques. Someday, it could be possible to multiply single adult somatic cells (e.g., skin or fat cells), direct them to tissue stem cells, and allow them to differentiate into various tissues and organs and even into a complete individual. During the past 10 yr, I received several telephone calls from women who asked me whether it would be possible to have children after their husbands were diagnosed as having azoospermia (Sertoli-cellonly syndrome). Some clinicians must have informed them that I was working on assisted fertilization using animal models. Because I am not a physician, I was unable to give them any responsible answers or advice. Undoubtedly, demands exist. The causes of Sertoli-cell-only syndrome could be genetic or nongenetic. In certain cases, it could be possible to convert a patient's somatic cells directly to spermatogenic stem cells and to culture them in vitro until they become spermatids after proper meiotic divisions and genomic imprinting. Similarly, somatic cells of a woman without any germ cells (oocytes) could be converted to ootids carrying a haploid set of properly imprinted chromosomes, which could be used for the production of healthy offspring (Fig. 7) . FIG. 7 . Future prospect that men and women without germ cells can produce offspring if the causes of their infertility are not genetic. Somatic cells are converted to haploid ootids and spermatids, which do not need to look like ordinary eggs or sperm. If they have undergone normal meiosis and sex-specific genomic imprinting, they can be used for the production of normal offspring by injection into or fusion with enucleated oocytes (A and B) or normal oocytes (C).
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As to cloning, there is an intriguing marine animal, the jellyfish (Turritopsis nutricula), which is able to multiply by fertilization or by cloning [136, 137] (Fig. 8) . When a sexually mature jellyfish ages or is stressed under certain conditions, its whole body quickly transforms (transdifferentiates) into an ''embryonic'' cell mass that then leads to the production of many cloned individuals by ''budding.'' Both the epidermis and endoderm (comparable to the intestine) in the adult jellyfish seem to be totipotent. Because the cellular organization of mammals is far more complicated than that of the jellyfish, it is most unlikely that the entire body of an adult mammal is able to transform into a single mass of rejuvenated cells. However, epidermal and intestinal cells, isolated and cultured under certain conditions, may be able to transdifferentiate into a cell mass capable of producing unlimited numbers of cloned blastocysts and embryos (Fig. 9 ). Although it may become possible to produce unlimited numbers of genomically identical animals using such cloning techniques, we must decide, based on theoretical considerations and proper animal experiments, if an exclusive use of cloning is acceptable in the long term for animal welfare and industry. Alternate uses of conventional reproduction and cloning offer advantages and compensate disadvantages associated with each approach.
People's interests in cloning will change with time. Today, people are most interested in cloning individuals of animals, not cloning their cells or tissue. For humans, in contrast, people are most interested in cloning lost or dying organs (e.g., the kidney, liver, and heart). At present, the order of people's interest (desire) in cloning for animals is perhaps individual .. organ . cell and tissue, while the order for humans is organ . cell and tissue .. individual.
We do not expect that somatic cells in frozen bodies of extinct animals (e.g., woolly mammoth) are ''alive,'' but some of their nuclei may have retained their genetic integrity. This may be applied to cells of chemically preserved specimens of animals (e.g., ethanol preserved). Once male and female individuals are produced after nuclear transfer into enucleated oocytes of closely related species, they can be multiplied by conventional mating.
(7) Regeneration of Organs and Production of Artificial Organs
It was and is still our dream to restore lost organs such as arms and legs. When I was a student, I was astonished to read an article by Singer [138] , who reported regeneration of a frog's forelimb by increasing nerve supplies. Unlike the newt, the frog and humans under ordinary conditions are unable to regenerate lost limbs. It is surprising and disappointing that research along this line has not advanced much since then. Theoretically speaking, by cloning we should be able to restore any lost organs. A group of somatic cells could be converted to the organ's stem cells, allowing them to differentiate into a functional organ (e.g., endocrine gland, heart, kidney, liver, limb, and lung). Blood vessels must be developed simultaneously. An artificial (mechanical) blood circulator, which could easily be built, must be connected to these reconstructed organs. Old nerve fibers must extend into newly produced organs. This is a mere dream today, but it should be possible in the future.
In 1973, I visited the laboratory of Dr. Joseph C. New at Cambridge University, Cambridge, England, and saw a plastic box with 10 circulators in which he grew 7-9 somite rat embryos to 40-45 somite embryos by circulating rat serum equilibrated with 95% O 2 and 5% CO 2 [139, 140 ( Fig. 22-5) ]. Our desire to have artificial uteri for infants born prematurely is immense. Saving those born at the 20th week or earlier of gestation is very difficult today. The day may come when a tiny fetus and even a preimplantation embryo can grow into a healthy child in an artificial uterus. It is not impossible for men to become ''pregnant'' instead of women. It was shown a long time ago that (mouse) blastocysts can start to grow in the kidney, peritoneal cavity, or even in the testis, where the testosterone level is the highest in the whole body [141] . The uterus is a superb organ to support embryo development, but it may not be as unique as generally thought.
(8) Germ Cell and Cancer Research
Similarities between PGCs and precancerous cells have been noted for many years [142] . The manner of migration of PGCs and cancer cells from the original site of development to other sites of the body is similar. During early embryonic development, germ cells depart from the rest of cells. They undergo unique genomic imprinting (including DNA methylation and demethylation) and genomic recombination in an orderly manner before becoming functional gametes [143, 144] . Germ cell tumors could be the result of abnormal DNA methylation-demethylation and aberrant genomic recombination in germ cells. Juvenile and adult somatic cells that mimic what embryonic germ cells do and fail to undergo orderly DNA methylation-demethylation and correct genomic recombination may turn into cancerous cells. If pre-PGCs, PCGs, and very early male and female germ cells have unique cell surface molecules that do not exist on any other cells of the body, a combined use of the antibodies raised against these molecules may prevent development of germ cells in fetuses. The same antibodies may prevent development of cancers in children and adults if inoculation is performed soon after birth.
(9) Debates over Somatic Cells, Germ Cells, and Diseases
While female germ cells (eggs) and male germ cells (spermatozoa) are equal from the genomic point of view, they are treated differently by laypersons. Eggs are perhaps the most respected, inviolable cells of our body, whereas spermatozoa are perhaps the most misunderstood and least respected cells of all. Why? They may be victims of the male's nongraceful behavior during mating. As stated at the beginning of this article, all somatic cells can be considered carriers (helpers) of germ cells, which transmit our genetic information from one generation to the next. Metaphorically, somatic cells are analogous to infertile worker bees in a hive and germ cells to the fertile queen bee. In our society today, problems of somatic cells (and organs) are overwhelmingly considered ''diseases.'' Problems of somatic cells and organs that support the survival or functions of germ cells (e.g., female and male genital tracts and their accessory glands) are also considered diseases. Then, why not consider the problems of germ cell themselves? Medical authorities may consider problems of germ cells not life threatening. Many problems of some somatic cells and organs are not life threatening either. Most psychological and dermatological problems are not life threatening. Problems or loss of feet, arms, nose, or earlobes are not life threatening either.
What is a disease after all? Merriam Webster's Medical Dictionary (2005) defines it as ''an impairment of the normal state of a living animal or plant body or of any of its parts that interrupts or modifies the performance of the vital functions and is a response to environment (as malnutrition, industrial hazards, or climate), to specific infective agents (as worms, bacteria, or viruses), to inherent defects of the organism (as various genetic anomalies), or to some combination of these factors.'' Is not reproduction a vital function of all living creatures, including humans? Infertility is a disease of germ cells, zygotes, and embryos and of somatic cells that directly or indirectly support development and maintenance of reproductive cells and embryos. If a mutant virus appears, is integrated into the human genome, and spreads rapidly to make millions of men and women infertile, what will people think? Would they still consider infertility not a disease even if this resulted in the human race becoming extinct? (10) Debates over Life, Germ Cell, Embryos, and Reproductive Biology A definition of life and death of cells is often difficult to determine. Many cells isolated from cadavers may still be alive and multiply indefinitely if they are cultured in proper media. When spermatozoa are frozen without cryoprotection, their plasma membranes are broken, and they are ''dead'' cells in the conventional sense. In fact, they are unable to move and are unable to fertilize eggs under ordinary conditions. However, they are not dead because they are able to produce normal, fertile offspring when injected into fresh eggs [145] . How do we define the life and death of an egg? Is an enucleated egg alive? Are the nuclei removed from eggs alive? The second polar body is equivalent to a mature egg in its genomic constitution. It can be used for the production of normal offspring [146] . Is the polar body an egg? Is an egg without a nucleus (an enucleated egg) still an egg? Our bodies are made of somatic cells and germ cells and their products, nothing else. Manipulation of adult somatic cells, tissues, and organs is not, in general, the subject of ethical and legal debates, at least for now. In contrast, manipulation of germ cells, zygotes, and embryonic and fetal cells almost always becomes the subject of intense ethical debates. What is the reason for this? If people consider the surgical procedures or treatments used prenatally and postnatally for congenital defects to be humane acts, why should the treatment of defects in germ cells, zygotes, or early embryos not be viewed in the same way? After a few generations, this problem will probably be resolved; thus, the debate will probably be closed.
FINAL NOTES
Artificial asexual reproduction (such as cloning by somatic nuclear transfer or parthenogenesis) may become easier in the future, but it is important to keep in mind that asexual reproduction in general has failed to pass the test of natural selection. For survival of the species in the face of competitive, constantly changing environments, asexual reproduction is less suited than sexual reproduction. To discover and utilize nature's myriad abilities correctly and wisely, we must keep learning more about the processes and mechanisms of natural (bisexual) reproduction. Undoubtedly, reproductive biologists will make many exciting discoveries during the 21st century. Entirely new technologies that cannot be foreseen today will be developed. Whenever new discoveries and novel inventions are GERM CELL RESEARCH: A PERSONAL PERSPECTIVE made, it is important to fully inform the general public what their implications are and how they will affect and contribute to the advancement of human knowledge and welfare. ACKNOWLEDGMENTS I was extremely fortunate to have had wonderful mentors, colleagues, students, and administrators who worked with me and helped me during my entire research career. Dr. Min Chueh Chang (1908 Chang ( -1991 
